We extend to a general class of covariant gauges an approach which relates the thermal Green functions to forward scattering amplitudes of thermal particles. A brief discussion of the non-transversality of the thermal gluon polarization tensor is given in this context. This method is then applied to the calculation of the ln(T ) contributions associated with general configurations of 2 and 3-point gluon functions. The results are Lorentz covariant and have the same structure as the ultraviolet divergent contributions which occur at zero temperature.
that this property may be simply understood when one extends, at finite temperature, a procedure which implements the transversality condition at zero temperature. The distinct behavior in the Feynman gauge arises in consequence of cancellations between ghost and gluon contributions, which occur in the longitudinal part of the gluon self-energy. Another application of the above approach is the evaluation of the sub-leading ln(T ) contributions associated with general configurations of 2 and 3-point gluon functions. After a rather involved calculation, we obtain a simple Lorentz covariant result. This provides a nontrivial verification of a previous argument [11] , which shows that these contributions should appear with the same coefficient as the ultraviolet pole part of the zero temperature amplitudes.
In order to derive the relation between thermal loops and forward scattering amplitudes we treat, for definiteness, the case of the gluon self-energy, but the result generalizes in a obvious way to higher order Green functions (see Eq. (19)). Since the quark loops are independent of the gauge parameter and have been already considered in [8] , we shall focus here on the thermal gluon loops.
Consider the contributions associated with the diagram in Fig. 1a , where we suppress for simplicity the color indices. We shall employ an analytic continuation of the imaginary time formalism [12] , where these contributions may be written as
where u ≡ (1, 0, 0, 0) specifies the rest-frame of the plasma. The tensor t
is the numerator which is of degree two in its arguments and D αβ (Q) is the bare gluon propagator given by
is the Bose statistical distribution, which has poles along the imaginary Q 0 axis at Q 0 = 2πniT (n = 0, ±1 , ±2 · · ·). The contour C surrounds all the poles of N(Q 0 ) in a anti-clockwise sense. In the contour on the left-hand side of the imaginary axis, we let Q 0 → −Q 0 and make also the change of variable Q → −Q. Using the relation N(Q 0 ) + N(−Q 0 ) = −1 and ignoring the temperature independent part, we can write the thermal contribution of (1) as
This can be evaluated with the help of Cauchy's theorem, by encircling the poles in the Feynman denominators in the right-half plane. Consider first the poles at Q 0 = |Q| present in D αβ (Q). Evaluating the contributions from simple and double poles, we get
where the derivative d/dQ 0 acts on all terms on its right. At this point, it is convenient to introduce the operator
which is related to the sum over the polarization states of the thermal gluon. In terms of this quantity, equation (4) may be rewritten as
Now consider the contributions to Π 
We then get a contribution similar to that in (6), but with k → −k. Thus, the total result for the thermal part of (1) is
At this stage, after using (7), the integrand in Eq. (8) We must also consider the contributions associated with the ghost loop. Here it is useful to defineÃ
where A ghost µ 1 µ 2 (Q, k, −k) represents the forward-scattering amplitude of a ghost particle by the external gluon fields. The above definition is convenient because of the identity P αβÃ
, which holds due to the fact that the ghost particle is on-shell.
In order to obtain the full thermal amplitude for the gluon self-energy, we must include the contributions from the tadpole graph shown in Fig. 2 . Denoting by
the total forward scattering amplitude, we can express the complete thermal contribution in terms of a momentum integral of A
Using this expression, it can be verified that for the exact gluon self-energy, k µ 1 Π µ 1 µ 2 = 0, a property that was previously investigated [3, 9, 10] . Multiplying the forward scattering amplitude in Eq. (10) by k µ 1 , we find that the longitudinal part of the polarization tensor can be expressed as
where C G is the gluon Casimir invariant. This relation shows that the thermal part of Π µ 1 µ 2 is transverse only in the Feynman gauge (but k There is an interesting connection between this behavior and the transversality condition which must hold at zero temperature. To see this, we recall that the integrand appearing in the self-energy function at finite temperature is similar, apart from the Bose factor, to the one which occurs at zero temperature [12] . Thus, we are lead to consider the way that the zero temperature property k µ 1 Π µ 1 µ 2 = 0 is actually implemented at the one-loop order. In the Feynman gauge, due to cancellations between gluon and ghost loops, this condition is verified just by making a shift Q → Q − k in some terms in the integrand. Such a shift can be performed at zero temperature using the dimensional regularization scheme and is also allowed at finite temperature in the imaginary time formalism, in view of property (7) . In a general covariant gauge, the ghost contribution remains the same since it is independent of the gauge parameter ξ. But the longitudinal part of the gluon loop contribution differs at the integrand level from that obtained in the Feynman gauge by terms proportional to (1 − ξ). In this case, the verification of the transversality condition at zero temperature requires, in addition, the use of dimensionally regularized integrals like
However, such a result does not hold at finite temperature when f (Q) = N(Q 0 ), in which case (12) becomes instead proportional to T n−2α . Consequently, the above longitudinal part of the gluon loop contribution will not vanish at finite temperature, in agreement with the result given by equation (11) .
Let us next consider the contributions of (10) coming from the hard thermal region where |Q| ≫ |k|, k 0 . This region is relevant for the determination of T 2 and ln(T ) contributions (unlike the terms linear in T which come also from soft momenta). We will argue that in this case we can effectively commute the differential operator P αβ and the Bose factor N(Q 0 ). To this end, let us study the contribution obtained when the derivative from P αβ acts on N(Q 0 ).
This leads to an integrand proportional to a factor
, where the thermal particle four-vector Q is on shell. As a consequence of the gauge invariance of the forward scattering amplitude, Q α Q β A αβ µ 1 µ 2 vanishes when the external gauge fields are on shell and transverse. It is not difficult to show that even for general values of k there will be strong cancellations, so that
actually becomes a function of zero degree in Q.
Together with the above factor, such a function will produce in (10) an integral of the form
where the lower limit τ ≫ |k|, k 0 delimitates the hard thermal region. Since (13) does not yield at high temperature T 2 or ln(T ) contributions, it may be neglected for our purpose so that (10) becomes equivalent to
We may now extract from (14) a series of high temperature terms which come from the region of large Q. Since the four momentum of the thermal particle is ultimately set on shell, the denominators in A αβ µ 1 µ 2 can be expanded as follows
We may also expand the numerator in powers of k µ /|Q|. The first term has a denominator of the form (k · Q) −1 and a numerator quadratic in Q which is independent of k. But such terms cancel out in (14) Such a function can be generated by differentiating ln(k · Q) with respect to k µ i . We are thus lead to consider the integral
where we have written explicitly only the k-dependent ln(T ) term. Then the ln(k 2 ) term will generate, after differentiations with respect to k µ i , a Lorentz covariant expression. Adding all such contributions, we obtain for the logarithmic dependence on the temperature the simple result
The important point about (17) is the fact that it has the same structure as the ultraviolet divergent contribution of the gluon self-energy at zero temperature [13] Π UV µ 1 µ 2
where the space-time dimension is 4 − 2ǫ and M is the renormalization scale.
The result (10) for the thermal gluon self-energy can be generalized in a straightforward way to higher order n-point gluon functions. In this case, let us denote by
the forward scattering amplitude of a thermal particle with momentum Q by external fields with momenta
(We have omitted, for simplicity of notation, the color indices). The thermal part of the one-loop n-point gluon function can then be expressed in terms of a momentum integral of the forward scattering amplitude as
where u is the four-velocity of the heat bath, P αβ (Q) indicates the operator defined in (5) and N (Q 0 ) is the Bose distribution function. which are of degree -2 in Q give the high temperature ln(T ) contributions. After a very involved computation which uses an extension of the approach described in [11] , we obtain for these contributions the simple Lorentz covariant result
This is proportional to the basic 3-gluon vertex and has the same structure as the ultraviolet divergent part of the 3-point gluon function at zero temperature, which is given by [13] 
